Fourier analysis has been applied to simultaneously obtained ventricular pressure, ascending aortic pressure, and aortic flow in the closed-and openchest dog and during infusion with isoproterenol, norepinephrine, and phenylephrine. Partial measurements were also obtained from a sheep and a primate. Impedance moduli and phases were calculated from the ventricular (forcing) and aortic (input) side of the aortic valve and compared. Forcing impedance was similar in form but larger than input impedance, and the phase became positive earlier. Ventricular and aortic powers were calculated and expressed as pressure power, kinetic energy power, and reactive power, along with their harmonic distributions. Mean pressure represented 80 to 91% of total load power but only 20 to 51% of total ventricular power. Calculated efficiency varied from 35% with isoproterenol infusion to 100% with norepinephrine, phenylephrine, and open-chest states. Control efficiency was 78%. The concept of impedance matching was investigated; maximal efficiency occurred with optimal matching. Internal resistance was shown to represent an easily measurable quantity which also partially corresponds to the more complex impedance measurement.
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• Numerous reports have used Fourier series and spectral analysis to describe the complex input impedances of the systemic and pulmonary circuits and the hydraulic power consumed (1) (2) (3) (4) (5) (6) . The generators providing the inputs into these beds (the right and left ventricles) have largely been ignored in these descriptions, yet their characteristics would appear to be equally important in terms of 120 ABEL various frequencies. Both bed and pump were assumed to represent linear systems for purposes of initial analysis. This assumption is subsequently discussed relative to the results obtained.
Methods
The experiments were carried out in three mongrel dogs weighing 14.5 to 18 kg. One animal, having a previously implanted aortic flow probe, was studied in the closed-chest condition. The other two were acute, open-chest artificially ventilated animals. All were given morphine sulfate (3 mg/kg) and anesthetized with sodium pentobarbital (15 mg/kg). Similar studies with implanted flow probes were also conducted in a sheep (44 kg, unanesthetized) and a small baboon (7.5 kg) anesthetized with droperidolfentanyl and pentobarbital.
Pulsatile flow was recorded from the ascending aorta just above the aortic valve with a pulsed electromagnetic flowmeter (9) . Ventricular pressure tracings were obtained from a catheter threaded into the left ventricle from a pulmonary vein and attached to a Statham P23De strain gauge; aortic pressure was recorded from a catheter passed into the ascending aorta from the femoral or carotid arteries and attached to a Statham P23Db gauge. The chronic dog preparation (hereafter referred to as the control) was also studied during infusion of isoproterenol (2/i,g/kg/min), norepinephrine (2/xg/kg/min), and phenylephrine (8/xg/kg/min). These dosages were chosen because they are effective in evaluating myocardial efficiency (10) .
The resultant waveforms were recorded directly on analog magnetic tape. They were then digitized at a rate of 1000 samples/sec and stored on magnetic tape. Every fifteenth sample was converted from digital to analog and plotted. The resultant waveforms were examined and representative tracings selected for further analysis. Individual cycles from these areas were analyzed for harmonic content. Cycle length was determined by using the autocovariance procedure (AUTO) of the IBM scientific subroutines (11) . Cycle length was taken from the recordings of flow alone, since these tended to have the sharpest peaks, and to the corresponding points on the pressure recordings. Fourier analyses were then performed using the IBM scientific subroutine (FORIT) (11) on each channel. Twenty harmonics were fitted to the data. The resultant computer output values were the Fourier coefficients for harmonics 0 to 20 and the raw phases. The raw phases were arbitarily corrected to a first flow harmonic phase of zero degrees. The moduli and phase terms were then corrected for (1) recording system and flowmeter frequency response characteristics (12) ; (2) catheter-manometer system characteristics, using a step input (natural frequency and damping coefficients were 18.1 Hz and .380, respectively, for the aortic pressure and 54.4 Hz and .394 for the ventricular pressure) (13) ; and (3) transmission lag time from the aortic valve to the aortic pressure catheter location (calculated catheter transmission lag times were negligible [14] ). The corrected moduli and phase data were used to calculate ventricular (forcing) impedance, input (load impedance), ventricular power produced, load power consumed, efficiency, and other derived terms to be discussed later. Details of these calculations are given in the Appendix.
Results

A. PRESSURE AND FLOW DATA
The normalized moduli for ventricular and aortic pressure and aortic flow are presented in Figures 1 to 3 ; corresponding absolute and phase values are given in Table 1 ascending aortic flow moduli versus rates (like those caused by norepinephrine) shift the curve to the left and, in this case, represent more energy at lower frequencies, as previously shown for changes in heart rate (1). The isoproterenol curve for flow was quite erratic, with large standard errors ( Table 1 ) and a fast heart rate (190/min). Ventricular pressure moduli have not been previously reported. They are similar to the flow moduli, with the first harmonic usually representing the largest component. Phenylephrine decreased the amplitude of the normalized ventricular pressure and flow moduli, whereas norepinephrine increased the moduli ( Figs. 1 and 3 ). There are two likely explanations for the erratic results obtained with isoproterenol. One is the possibility of a poor flow probe fit with the low aortic pressures obtained (a mean of 47 mm Hg), although the aortic flow tracings were not grossly abnormal. The possibility of ventricular catheter whip could not be ruled out at the fast heart rates obtained. The lower frequency components are not visible in this type of analysis; spectral analysis (6) would be a more useful procedure to apply to conditions with such fast heart rates (also see linearity discussion).
To evaluate the effects of species and exercise on the flow moduli, data were also analyzed from an unanesthetized sheep, both at rest and on a treadmill, and from an anesthetized primate. (Fig. 4) . When the moduli are normalized, similar results are obtained in all three cases; simple frequency shifts correspond to changes in heart rate. therefore is omitted). Characteristic impedances, calculated for the averaged sixth to eighth harmonic values, are presented in Tables 2 and 3 , along with other related information. (Distal resistance in Table 3 represents the total calculated resistance; see impedance discussion.)
The forcing impedances are similar to the input impedances, but show larger magni- 
FIGURE 8
Forcing (upper curve) and input impedance (lower curve) moduli.
numbers. Considering only the d-c and first harmonics, the order of magnitude is norepinephrine, largest, followed by phenylephrine, closed-and open-chest, and isoproterenol. This appears to be largely a reflection of the input impedance value, although we cannot a priori at this point separate it from alterations in cardiac performance. The open-chest group
FIGURE 9
Real (in-phase) impedance moduli.
were similar to the closed-chest group, although the open-chest characteristic impedances were much higher (Tables 2 and 3) . O'Rourke and Taylor (1) have emphasized the importance of the in-phase or "real" impedance curve as a better representation of the opposition to flow. Such curves for the control and norepinephrine case are shown in Figure 9 . Obviously the impedance match between forcing and input is very close at
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Control (5) Isoproterenol (5) Norepinephrine (5) Phenylephrine (6) Open chest (10) Heart rate (Hz) higher frequencies, implying that valve impedance is essentially nil for these frequencies. Finally, to consider again the effects of species, animal size, and possibly anesthesia, on the forcing impedance function, the results from the unanesthetized sheep are shown in Figure 10 . Unfortunately, similar input impedance data were not obtained in this animal.
C. POWER CONSIDERATIONS
Forcing (ventricular) versus input (aortic)
FREQUENCY IN HERTZ
FIGURE 10
Normalized ventricular pressure, aortic flow, and forcing impedance moduli in the unanesthetized sheep.
Circulation Research, Vol. XXVIII, February 1971 power was calculated for each harmonic and plotted in Figures 11 to 13 . Of the total power, 99% is represented in the first 5 or 6 harmonics in each case. Most of the load power (80 to 91%) was represented by the mean terms, whereas mean force power was only 20 to 51% of the total force power. Total power is the sum of all harmonics and is shown in Table 4 . The terminology is similar to that used previously by Milnor et al. (4) . The values for kinetic energy power, rms power, and reactive power are also given (see Appendix). In descending order, the load powers were phenylephrine, norepinephrine, control, isoproterenol, and open-chest. Force powers by guest on April 4, 2017 http://circres.ahajournals.org/ Downloaded from 126 ABEL were slightly different: phenylephrine, isoproterenol, norepinephrine, control, open-chest; i.e., isoproterenol increased the power produced without increasing consumption, resulting in a lowered efficiency value (Table 4) . The form of the load power curves was similar in all cases. The ventricular power curves were of two types: for control and norepinephrine, the first harmonic was the largest term; for open chest (not shown but similar in form to phenylephrine), phenylephrine, and isoproterenol (not shown), the constant term was the largest.
Kinetic energy represented only a small percent of the load power in all except the isoproterenol case, in which it represented 8% of the load power. Reported values for the systemic bed have been given as 0.25 to 2% (5, 16) . The pulmonary bed is much higher, 7 to 10% (3, 4), but decreases with pulmonary hypertension (17) . Since the aortic pressure catheter is pointed upstream, the measured lateral pressure (pressure power term) must already include some kinetic energy; hence the values given for kinetic energy as a percent of total power are undoubtedly too low. The actual amount of total kinetic energy included in this term depends, of course, on the exact catheter placement relative to the velocity profile in the vessel-a measurement that is very difficult to quantify in a large vessel such as the aorta.
Reactive power was also calculated. It varied from a high of 18.6% in the controls to 2.3% in the isoproterenol group. The physiological significance of this factor is still undetermined (4). Apparently, there is a complex relationship of this factor to pulse wave velocity, cross-sectional area, wall stiffness, and the characteristics of the resistance vessels. Figure 14 shows the frequency spectra for the kinetic energy and reactive power ele- nated, as in the normalized plot, the error is very small. Norepinephrine produces the most increase in error with higher harmonics.
The discrepancy between ventricular power and load power represents, besides experimental error, (1) power used to store energy in the ventricle during diastole, e.g., to stretch interfascicular springs; (2) power used to overcome the friction of the ventricular outflow tract including the aortic valve; and (3) power used to create the kinetic energy of the flowing blood. This discrepancy may also be expressed as efficiency, which ranged from a low of 35% in the isoproterenol group to essentially 100% in the open-chest group. Norepinephrine and phenylephrine also produced 100% efficiencies. Obviously, external losses from heat, friction, stored energy in interfascicular bundles, etc., are quite small or not measurable by hydraulic pressures and flows. (We attribute the greater than 100% efficiency to errors in measurement, transducer calibration, Fourier approximation, etc.) Note that efficiency as here defined is not the same as that previously employed (10) to describe ventricular efficiency as a function of energy produced for oxygen consumed.
Discussion
The amount of total power represented in the constant term for load power varied from 80 to 90% (Table 4) . These results are similar to previously reported values (5) and are much lower than the 31 to 48% found for the pulmonary bed (4). Slowing of the heart rate, increasing cardiac output, decreasing arterial distensibility, decreasing peripheral resistance, and decreasing blood pressure are all said to be associated with an increase in the ratio of pulsatile to total power (5). Norepinephrine infusion and the open-chest were the only conditions altering the ratio significantly in these studies. Measurements of mean pressures alone, however, would underestimate load power by 10 to 20%.
For ventricular (forcing) power, the constant term is much smaller and more variable. The largest value (51%) was obtained in the phenylephrine group and smallest (20%) in the norepinephrine group. Heart rate appears to be a dominant factor, slower heart rates having the lowest proportion of energy present in the constant term. Isoproterenol, however, was intermediate in position despite a very fast heart rate, possibly because of a similar effect of lowered pressure as reported for load powers (5), i.e., a shift to a more pulsatile energy content.
Essentially all of the power is contained within the first 4 harmonics for most cases (Fig. 15) . The absolute error increases with isoproterenol and phenylephrine. Does this represent less efficient myocardial matching to the load or a change in myocardial vigor? For the isoproterenol group, obviously the result is an inefficient match, for phenylephrine, however, it represents primarily a d-c mismatch which, in terms of total energy matching, is taken care of by better matching at higher frequencies (Fig. 15) .
Although the open-chest animals had the lowest absolute powers (Table 4) , their efficiency is surprisingly high. Whether this is related to the dynamic state of these animals, friction and valvular losses in the normal animal, or other factors remains to be determined. Vasodilation alone might decrease efficiency, e.g., isoproterenol; however, the open-chest animals had a 23% lower peripheral resistance than did the closed-chest controls but were more efficient.
PHASE CONSIDERATIONS
Bergel and Milnor (2) have previously commented on the lack of appropriate phase crossing of the zero axis with each impedance maximum and minimum. This was also true in these studies; in every case the input impedance phase became positive after occurrence of the first minimum, the second crossing also occurred later than the first impedance maximum.
Our phase results (Figs. 5 to 8) were also similar to those reported by O'Rourke and Taylor (1) for the systemic system. We did not find the increasingly negative phase angles reported by Patel et al. (3) . The open-chest condition, however, produced a different phase pattern; the angle became positive at the third harmonic and remained positive, whereas in the closed-chest condition, the angle oscillated between positive and negative. This is similar to the results O'Rourke and Taylor (1) found for the brachiocephalic artery, and it may reflect a shift to a more proximal reflecting site in the open-chest animal. Why this should occur is not answered by these experiments; the influence of negative intrathoracic pressure on the systemic arteries would scarcely be expected to produce such a shift.
The phase of the forcing impedance was usually close to zero degrees initially, became positive early, and remained positive for all except the first 1 or 2 harmonics. (Norepinephrine remained slightly negative for the first four harmonics.) The open-chest studies showed more oscillation than did the others but was otherwise similar. Since a positive phase angle means pressure leads flow, this is what one would expect in the ventricle. Again the zero crossings correlated poorly with the impedance maxima and minima, and also with that of the input impedance maxima and minima.
The forcing impedance moduli are similar in form to those of the input impedances but show a much slower rate of decrease with increasing harmonics. This reflects the higher frequency of the energy content seen in the forcing power waveforms. The normalized ventricular pressure moduli are also similar to the flow moduli.
CHARACTERISTIC IMPEDANCE
Characteristic impedance is defined as the impedance of a transmission line in the absence of reflected waves (18) . In blood vessels the geometry and wall properties determine this parameter; this measurement has been of questionable value, however, since the impedance oscillates around this value and some reflected waves are usually present. O'Rourke and Taylor (1) found that characteristic impedance does not always change in th& predicted direction of blood pressure change associated with a similar change in pulse wave velocity. They suggest that this is because characteristic impedance depends on the ratio of pulse wave velocity to crossby guest on April 4, 2017 http://circres.ahajournals.org/ Downloaded from sectional area; hence if cross-sectional area increases more than velocity, the impedance will decrease. In our experiments the largest input characteristic impedances were in the open-chest and isoproterenol studies, and smallest in the phenylephrine studies. Norepinephrine produced a rise in pressure with an increase in impedance, whereas phenylephrine increased pressure but decreased characteristic impedance. If pulse wave velocity changes in the same direction as blood pressure, as expected, then in the phenylephrine group there is a greater increase in cross-sectional area of the artery distal to the pressure measurement site. Patel et al. (3) found that norepinephrine decreased the change of radius per unit change of pressure in the pulmonary artery. Alterations in smaller artery and arteriolar tone, then, alter the impedance spectrum through reflections, whereas the elasticity (passive or active) of the larger vessels influences impedance directly and, by definition, alters characteristic impedance. Calculating a reflection coefficient (2) with the values here-unfortunately the first harmonic is the lowest frequency available-positive values could be obtained only for the control (0.623), norepinephrine (0.551), and phenylephrine studies (0.742). Isoproterenol and the open-chest studies had negative reflection coefficients.
Womersley's alpha (19) increases with heart rate, thereby increasing the computed characteristic impedance. This change would be of relatively small magnitude, however, and would not account for the large changes seen in the various states. More likely, changes in wave velocity (note increased frequency of impedance minima) cause the major changes, associated with changes in cross-sectional area. The frequency of the impedance maxima and minima were increased by all procedures (Table 2) . With norepinephrine and phenylephrine infusions, the increase is clearly a function of the increased pulse wave velocity at higher arterial pressures, since heart rate is decreased. Characteristic impedance is decreased with phenylephrine but increased with norepinephrine, indicating that norepinephrine produces more stiffening of the large vessel walls than does phenylephrine.
The higher reflection coefficient for phenylephrine is also a manifestation of the dominance of distal reflecting sites in the impedance pattern. The negative reflection coefficient, larger frequencies, and larger characteristic impedances seen in the open-chest and isoproterenol studies require an explanation. Unfortunately, they are complicated by several factors, among which are the large variable oscillations at higher frequencies that result in indeterminate characteristic impedances and higher heart rates that cover up low frequency reflections during Fourier analysis. The slightly smaller size of the open-chest animals probably is not a significant factor. The large characteristic impedances must represent small cross-sectional areas of the proximal aorta, accompanied by the low pressure, along with dilation of the resistance vessels. Wave velocity then does not decrease as much as does cross-sectional area. Thus proximal factors dominate the impedance pattern with little or no wave reflection or a shift of the reflecting site far distally. Under these conditions, energy losses should be higher because of pulsatile work (2). This is probably relevant to the inefficiency caused by isoproterenol; in this condition, ventricular power is much higher than load power. In the open-chest condition, energy is not being wasted, however; kinetic energy is low and efficiency is high. Apparently, effective impedance matching can occur despite the absence of reflected waves (2); this may also occur during exercise, although we have no evidence on that point.
Characteristic forcing impedance (Table 3) 
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LINEARITY
The assumption of linearity has already been examined for Fourier series analysis of the pulmonary bed and of the systemic bed (1, 3) . The function of the ventricle, however, has not previously been examined in this manner. Certainly, as a pulsatile pump with an input and output valve arrangement it must necessarily be non-linear. However, the time occupied by isovolumetric contraction and relaxation, relative to total cycle length, is small and may contribute only minor nonlinearities to the analysis. Furthermore, ventricular pressure is near zero during diastole when aortic flow is zero. If this indeterminant value is ignored, it remains only to consider the impedance seen during ejection as primarily responsible for the forcing impedance function. If linearity dominates, the resultant curves from different situations should be similar in form. In general, they are for the first few harmonics from the closed-and openchest dog and from the sheep. These represent a fairly wide range of heart rates and pressure-flow relationships. Although homogeneity and superposition would need to be demonstrated to prove linearity (12) , and certainly the system is not truly linear, the evidence does indicate that for the first few harmonics it approximates a linear system. The presence of discontinuities per se does not prevent the use of Fourier analysis as long as the Dirichlet conditions are met (20) . The moduli and phases were also used to reconstruct an impedance curve as a function of time. Both the input and forcing impedances produced the expected discontinuous curves with large oscillations during the periods of zero flow and polarity reversals whenever flow crossed the zero line. However, the erratic values obtained in the isoproterenol studies may well be a manifestation of nonlinearity; with faster heart rates there are more nonlinear periods in any given time interval, and they may then dominate the analysis. No attempt was made to establish a dose-response relationship; thus lower doses of isoproterenol may well be linear. 
DERIVED IMPEDANCES
The power calculations (Table 4 ) may also be used to derive values (see Appendix) for the resistive, reactive, and total impedances as seen from the ventricle and from the ascending aorta (21) . The results (Table 5) In this model a resistance, R va ive, has been included as that resistance which must be placed in series with the load R to tai to provide the values obtained for the forcing Rtotai-The combination of R va ive in series with the load Rtotai, is in parallel with the forcing R dc ; from the resultant series-parallel combination the equation for R Ttt i ve given in the Appendix is easily derived. X v is a postulated internal ventricular reactance such that the sum of the load X and the ventricular X represents the calculated forcing X.
The calculated reactance is the resultant of inductive (inertance) and capacitative (compliance) reactances. What is the meaning of the d-c resistance terms? For the load resistance the answer is obvious-it represents the mean peripheral resistance. The term for the ventricle should be analogous to that for the systemic circuit and must account for the d-c component of the ventricular pressure and flow waveforms. Note, however, that the value is much smaller than that for the load peripheral resistance, except for isoproterenol. For that reason, Rtotai was used to provide the "distal resistance" values given in Table 3 . Since there is no flow out of the ventricle during diastole, the electrical analog can. only be represented by an internal resistance equivalent to the resistance in the Norton and Thevenin equivalent circuits (15) .
Internal resistance represents, for an electrical generator, that resistance internally present in the generator circuitry which determines its ability to provide voltage and current to a given load, that is, it represents the slope of the voltage-versus-current plot at any given point (7). For our purposes, the heart may be considered as the hydraulic analog of an electrical generator and should, therefore, have an internal resistance indicative of its ability to match a given load. This term should be equivalent to that previously obtained by altering the external pressure-flow relationships (7, 8) . In our previous femoral fistula and aortic clamping experiments (7) , the values obtained were 1.58 (dyne sec crn^XlO 3 ) for the fistulas and 5.17 for the clamps; peripheral resistance was 6.4 and the animals used were of comparable size (average 16 kg). Fronek et al. (8) also obtained an internal resistance value of 3.13 ± 0.04 (calculated for 18 kg), which approximately doubled after propranolol and atropine. These values are of comparable magnitude to the results obtained here using Fourier analysis. Moreover, this internal resistance does increase with norepinephrine, less so with phenylephrine, and decreases slightly with isoproterenol. It may, therefore, represent a measurement of some practical value in regard to ventricular performance. Unfortunately it is not possible to tell from the present experiments whether its change is produced by an alteration in ventricular "contractility" or merely as a reflection of changes in load resistance. The agents used were those which would be expected to produce an increase in "contractility" in the doses given (10) . Cer-tainly the lower the value relative to that of the load resistance, the more efficient the matching of the pump to the load. The concept of internal resistance thus appears to be a justifiable one for this pulsatile pumping situation; future work will be necessary to determine just how valuable it will be as an indicator of myocardial performance.
The potential of Fourier series analysis as a routine clinical tool is questionable because of its complexity, the necessity for careful undamped recordings, and on-line access to a medium-sized digital computer. However, two measurements represented here are readily obtainable during routine cardiac studies. They are R dc for the load and forcing cases. The first is simply the mean peripheral resistance, the latter is usually ignored as being of little value. This analysis indicates that it may indeed correspond to the concept of internal resistance; as such it is influenced by both the load resistance and by the ability of the ventricle to match that load. When the overall impedance match is good (Z terms) the efficiency approximates 100%; when poor, as with isoproterenol, efficiency falls. However, the ratio of R dc forcing to Ra c load, is a relatively easily measurable parameter which provides a clue to efficiency similar to the Z terms. The lower the ratio of R dc forcing to R dc load, the better the ability of the generator to supply power to the type of load being presented by the systemic circulation.
The author wishes to emphasize that the concepts of impedance presented in the frequency domain are not equivalent to those dealing with hydraulic impedance in the time domain (22, 23) . Impedance plotted versus time would be meaningless since impedance is infinite when flow is zero. This type of analysis does, however, describe the impedance matching ability and this should correlate well with hydraulic studies.
